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Abstract 
Microstructure and crystallography have been characterized on an API-5CT-C110 
casing steel. Regions near a crack, more distant from a crack, and from specimens 
with no cracks were analyzed through electron backscatter diffraction (EBSD). A 
higher proportion of low-angle grain boundaries appeared in the regions near the 
crack, while regions distant from cracks presented primarily high-angle grain 
boundaries. The high Kernel Average Misorientation value and more grains with 
higher Taylor factor emerged in areas beside cracks. The corrosion reactions 
observed in the vicinity of cracks would be expected to promote crack growth. 
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1. Introduction 
Despite growing interest in sustainable energy systems, demand for fossil fuels is 
expected to drive global oil and gas production for decades to come. Applications are 
restricted for oil country tubular goods (OCTG) in deep or ultra-deep wells with wet 
hydrogen sulfide (H2S) due to the mechanical properties demands and hydrogen 
damage problems common in such wells [1-3]. Hydrogen damage can lead to 
economic losses and human casualties [4]. The risk of hydrogen embrittlement of 
steels is a primary concern for material development in oil and gas production. 
Hydrogen-induced cracking (HIC) and sulfide-stress cracking (SSC) are two 
hydrogen embrittlement phenomena that can fracture steel [5, 6].  
SSC failures can occur at stresses well below the yield strength (YS) of the 
material. In a wet H2S environment, casing steel used for oil and gas transport can 
absorb hydrogen atoms produced by a cathodic reduction of the proton (H+) that 
accompanies the anodic oxidation of iron. Instead of combining to form molecular 
gaseous hydrogen, these hydrogen atoms diffuse into the steel.  The recombination 
reaction is retarded on the steel surface by H2S or hydrogen sulfide ions (HS-) [7-9]. 
According to the model proposed by Troiano [10] and Oriani [11], the local atomic 
cohesive force decreased in the presence of hydrogen. When the hydrogen 
concentration reaches a critical value for crack initiation, cracking occurs [12]. Thus, 
steel can lose its ductility and strength in a wet H2S environment. 
High strength, high toughness, and adequate SSC resistance are required for 
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steels used for oil and gas production [13]. Unfortunately, higher strength in steels is 
generally associated with lower SSC resistance [14]. The goal for development of 
casing steel is to obtain excellent comprehensive properties through innovations and 
optimizations on chemical composition design and related thermo-mechanical 
controlled processing [15]. Steel cleanliness and microstructure are important factors 
affecting hydrogen embrittlement susceptibility [16, 17]. Hydrogen embrittlement is 
primarily associated with nonmetallic inclusions; the type, number, size and 
morphology of inclusions are affected by the steel’s composition and processing 
history. Huang et al. [18, 19] found that different types of inclusions in the steel 
played different roles in crack initiation. Inclusions rich in Mn and Al acted as 
initiation sites for HIC, while no HIC cracks were observed at inclusions rich in Si. 
Furthermore, cracking initiates and propagates more easily in less ductile 
microstructures, such as segregated zones with bainitic or martensitic structures [20]. 
The results presented by Carneiro et al. [21] suggested that refined and 
homogeneously quenched and tempered bainite/martensite microstructure had the best 
performance against HIC and SSC. In addition, Zhao et al. [22] point out that acicular 
ferrite and ultrafine ferrite have the optimum HIC resistance as well as good 
mechanical properties; resistance against SSC is better for acicular ferrite than for 
ultrafine ferrite. SSC resistance is favored by tempering the martensite at temperatures 
sufficiently high to produce a relatively dislocation-free matrix with uniform 
dispersion of spheroidized carbides [23].  
Generally, crack mechanisms are studied through characterization of samples’ 
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fracture surfaces. However, in order to get in-depth understanding of the mechanism 
of cracking nucleation and propagation, the microstructure and crystallographic 
information of cracks and the surrounding matrix is more important. Cracks tend to be 
characterized along the cross-section plane of the fractured sample [24]. Electron 
backscatter diffraction (EBSD) is an advanced technique to obtain crystallographic 
information, and the method has become increasingly useful in the analysis of grain 
size and distribution, grain boundary orientations, and texture analysis of materials. 
Venegas et al. [25] have studied the influence of microstructure, microtexture, and 
mesotexture on HIC crack path in API-5L-X46 pipeline steel by EBSD and point out 
that the paths for intergranular crack propagation in this material are mainly 
high-angle (high-energy, disordered) grain boundaries. A Taylor factor is a geometric 
factor that describes the propensity of a crystal to slip based on the orientation of the 
crystal relative to the sample reference frame. Azar et al. [26] examined the effect of 
crystal orientation on fatigue crack evolution in high-strength steel welds. It was 
observed that a combination of local lattice rotation and strains in different domains is 
influencing the crack path by comparing Taylor and Schmid factors. Davidson and 
Chan [27] used the Taylor factor analysis to determine the grains with higher 
susceptibility of cracking for coarse-grained Astroloy. They found that grains with 
lower Taylor factor values are considered to have orientations suitable for slip 
activation in the given loading condition, while higher Taylor factor means that the 
grain orientation under given loading condition is less likely to yield and may thus 
assist the transgranular type of fracture. Nevertheless, the application of EBSD in SSC 
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has been limited. 
Based on the aforementioned insights, microstructure and precipitates were 
observed on the API-5CT-C110 casing steel by optical microscopy (OM), scanning 
electron microscopy (SEM), and transmission electron microscopy (TEM). EBSD 
was used to characterize the crystallographic information of four areas (near crack, 
near crack branch, away from crack and crack-free) in the experimental specimens. 
The main objective of this study is to reveal the effect of grain size, grain boundary 
distribution, Kernel Average Misorientation (KAM), and Taylor factors on SSC 
cracking. In addition, the role of corrosion reactions on the growth of the cracks is 
also explained in this work. 
2. Experimental procedure 
The API-5CT-C110 casing steel was provided by Baoshan Iron & Steel Co., Ltd. 
The experimental specimens were prepared by cutting from the steel. This steel’s 
chemical composition is shown in Table 1.  
The test coupons were machined to a gauge section of the standard tensile test 
specimen for evaluating mechanical properties and SSC resistance performance. The 
ultimate tensile strength, yield strength, and hardness values were 845 MPa, 770 MPa 
and 26 HRC, respectively, which were equalized by measuring a series of samples. 
SSC susceptibility was evaluated by NACE standard TM0177 (Method A), which is a 
tensile test in a solution through a set of round, smooth tensile specimens with 
diameter of 6.35 (±0.13) mm and gauge length of 25.4 mm. Fig. 1a illustrates the 
sampling procedure for SSC test. The test equipment for method A-NACE standard 
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tensile test is shown in Fig. 1b. The test solution in the container, consisting of 5.0 
wt% sodium chloride and 0.5 wt% glacial acetic acid dissolved in distilled water, was 
saturated with H2S. Each specimen was loaded to about 80% YS. The termination of 
the test occurs when the tensile test specimen fractures or after 720 hours, whichever 
occurs first. Failure is either complete separation of the specimen or visual 
observation of cracks on the gauge section of the tensile test specimen at 10 times 
after completing the 720-hour test duration. If it is verified that the specimen has not 
failed, then it passes the test. Then, two samples were selected from the series of SSC 
testing, one is fractured, the other is not, labeled S1 and S2 respectively. The results of 
SSC testing of the two specimens are shown in Table 2. 
The specimens used for microstructural observation were cut from the cross 
sections of S1 and S2. Prior to the experiments, the surfaces of the specimens were 
ground with silicon carbide papers progressively up to 2000 grit, then polished and 
etched with 4% nital solution. OM (DM 6000M, Leica) and SEM (S-3400N, Hitachi) 
were used for microstructural evaluation. TEM discs about 0.2 mm in thickness were 
cut from the specimens using electric discharge machining and mechanically polished 
to ~40 μm, then prepared by a twin-jet electro-polishing apparatus in a solution of 5  
vol% perchloric acid and 95 vol% alcohol at about －30℃. TEM bright field (BF) 
imaging, selected area electron diffraction (SAED) and energy dispersive X-ray (EDX) 
spectroscopy were performed on a JEM-2010F electron microscope equipped with a 
field emission gun operated at an acceleration voltage of 200 kV. 
The specimens for EBSD were polished with 1 µm diamond paste at the final 
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stage of polishing. After manual polishing, the samples were vibrometery polished 
using 0.04 μm colloidal silica slurry for 4 h. A SU70 Hitachi field emission SEM was 
used to collect EBSD grain boundary maps and to define the orientations of 
microstructural features. To get high-resolution maps of the microstructure, the step 
size was set to 50 nm. When EBSD measurements were completed, the EBSD raw 
data were analyzed using TSL-OIM-Analysis software. Furthermore, the crack 
morphology was observed, and the elemental distribution in the vicinity of cracks was 
analyzed by line scan of EDX spectroscopy under S-3400N SEM. 
3. Results 
3.1 Microstructure and precipitates 
The OM images of two samples are shown in Fig. 2. They present a tempered 
martensite microstructure with the fine sizes ranging from 1 to 5 μm (Fig. 2a and b). 
The tempered martensitic structure was containing ferrite and carbides as shown in 
SEM micrographs (Fig. 3a and b), the size of carbides ranging from 100 to 500 nm 
can be clearly seen in the high-magnification images (Fig. 3c and d). The carbides 
presented a white color, and their morphology is particle-like type. 
The substructure of the two samples was further investigated by TEM. Fig. 4a and 
b show TEM BF images of martensitic lath and carbides in S1 and S2 specimen, 
respectively. Some precipitates could be found along the laths’ boundaries and 
within the laths. It can be seen that the distribution of precipitates was heterogeneous 
and the high-density tangled dislocations were observed for both samples. The SAED 
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patterns of two elongated precipitates A and B (marked by arrows in Fig. 4a and b) 
were taken for analysis. EDX analysis indicates that the precipitates are iron- and 
chromium- rich carbides, and they were identified as M23C6 (fcc) type with lattice 
constant a = 1.06 nm, where M denotes Cr, Fe, Mn, or Mo. It can be found that Fe and 
Cr were the dominant elements in M23C6 carbides. Adamson and Martin [28] have 
suggested that grain boundary ledges or dislocations can promote M23C6 nucleation. 
3.2 Crystallographic analysis 
Four regions were selected from different locations at the cross-section plane of 
the two specimens for EBSD study in order to obtain crystallographic information. 
Fig. 5 displays SEM images of the cross-section plane of the broken specimen S1 and 
undamaged specimen S2. A crack can be observed in the fractured sample S1; there 
are several branches on both sides of the crack. The chosen areas shown in Fig. 5a and 
b marked with distinguishable color as near crack, near crack branch, away from 
crack and crack-free, respectively. 
Fig. 6 shows the inverse pole figure (IPF) maps of four regions. For each area, all 
grains with different sizes and random orientation. Based on the examination of (001) 
pole figures, we can conclude that crystals exhibit no orientation texture. Fig. 7 
provides the grain size distribution of different areas. It can be seen that the area 
fractions of grain size over 5 μm appeared in the regions of near-crack and 
near-crack-branch were 23% and 17%, respectively (Fig. 7a and b). But the grain 
sizes in the areas of away-from-crack and crack-free were less than 5 μm (Fig. 7c and 
d). 
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Fig. 8 displays the distribution of high-angle grain boundaries (HAGBs), 
medium-angle grain boundaries (MAGBs), and low-angle grain boundaries (LAGBs) 
in the four regions. Grain boundaries with a misorientation angle of 15° < θ < 62.8°, 5° 
< θ < 15° or 1° < θ < 5° are considered as HAGB, MAGB or LAGB, respectively. The 
number fraction of these three types of grain boundaries are shown in Fig. 9. As a 
result, one can see in this figure that the number fraction of LAGBs is highest (～
50%) in the region of near-crack. The scales of MAGBs are almost equal in the four 
areas but very low (<15%) compared to the HAGBs and LAGBs. In contrast, the 
greatest proportion (77%) of HAGBs was detected in the crack-free region. A 
decreasing tendency of LAGB’s proportion presented in the selected areas from 
near-crack, near-crack-branch, away-from-crack to crack-free; the trend is just the 
opposite for the MAGB’s fraction. 
Fig. 10 shows the Kernel Average Misorientation (KAM) or local misorientation 
histogram for the regions of near-crack, near-crack-branch, away-from-crack to 
crack-free;. The KAM, which represents the numerical misorientation average of a 
given pixel with its, in this case, third neighbors, and cut-off level of 5° was used to 
characterize the local misorientation gradient. Therefore, the KAM histogram was 
used to evaluate the local plastic strain in the specimens [29, 30]. It is a parameter 
indicative of the dislocation density. In the KAM map, the lowest and highest 
dislocation density areas are marked in blue and red, respectively. As shown in Fig. 10, 
the deformation is not uniform on the grain size scale and is mainly concentrated near 
grain boundaries with high KAM values. Furthermore, the high KAM values were 
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seen in the grain proximate to crack regions (Fig. 10a and b), which indicates that the 
deformation is more concentrated on the areas near the crack. Similarly, a grain in 
regions with low KAM values will not likely facilitate crack initiation and growth 
(Fig. 10c and d). 
The KAM values vs. relative number fraction are shown in Fig. 11, which shows 
that the number fraction of low KAM values in the areas far away from the crack or in 
a non-crack specimen are higher than the regions close to cracks, where with the high 
KAM values are more pronounced. One may assume that the dislocation density is 
higher near the crack than in other zones. It is noteworthy that the KAM values rarely 
exceed 2.5°, and only a few positions in the regions close to the crack have KAM 
values higher than 2.5°, which is consistent with the result reported by Mohtadi-Bonab 
et al. [31]. 
Fig. 12 reveals the Taylor factors mapping of the four areas. In the Taylor maps 
the uniaxial tension loading matrix was applied to the three families of primary and 
secondary slip systems for a bcc crystal lattice: {110}<111>, {112}<111> and 
{123}<111>. The distributions of the Taylor factors in each of the areas with different 
grain sizes are irregular. However, the regions in the neighborhood of the crack (Fig. 
12a and b) have more grains with high Taylor factors (marked in red or near red 
colors) than the areas that weren’t near cracks (Fig. 12c and d). Cracks tend to form 
between the grains with a larger Taylor factor, for which slip is less likely to occur. 
The crack propagates easily  through the grain boundary and ceases when the crack 
reaches a grain with a low Taylor factor. 
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3.3 Corrosion products analysis 
The H2S-containing solution penetrated into the steel along the path of cracks, 
and the corrosion reactions were continued, the corrosion products are produced 
simultaneously. Fig. 13 shows the SEM image of crack morphology and EDX line 
scan analysis results in the vicinity of the crack. It is seen that the S-enrichment found 
in the crack exhibits a Fe-depleted zone in the same positions. This result suggests 
that corrosion products are iron sulfide, perhaps with different types of composition, 
such as mackinawite (FeS1−x) and pyrrhotite (FeS1+x) [32]. 
4. Discussion 
4.1 Analysis of microstructure and precipitates  
A suitable microstructure is the premise for materials exhibiting excellent SSC 
resistance. The tempered martensite shown in Fig. 2 is characterized by fine grain size, 
irregular shape, and arbitrary directional alignment. It is an excellent microstructure 
with a good combination of strength and SSC resistance [22]. The spherical carbides 
were distributed evenly in ferrite (Fig. 3), which is a structure formed during 
tempering from a quenched martensite through a diffusion-type phase transformation. 
The difference observed from the examination on the two samples by OM and SEM is 
less pronounced. For the M23C6 precipitates would be beneficial to improve strength 
of the materials. As suggested by Maruyama et al. [33], if the precipitate particles are 
smaller and their number is greater, the precipitation strengthening effect will be more 
significant. During short-term aging treatment, the dominant precipitation of the 
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discontinuous M23C6 particles both on grain boundaries and within grains blocked the 
dislocation motion to produce an obvious pinning strengthening effect [34]. The share 
of pull-out mechanisms observed for M23C6 particles was negligible in tensile 
toughness in Vahdat et al’s [35] work. All of those microstructure characteristics 
increase SSC resistance. But the result hold by Zheng et al. [36] that the cracks 
preferentially initiated and propagated along the M23C6/austenite interfaces. However, 
the results obtained by TEM (Fig. 4a and b) revealed no evidence of a crack occurring 
in sample S2. 
4.2 Effect of crystallographic features on SSC 
It is obvious that fine grains provide larger total grain boundary area, and that 
larger area may reduce the mobility of hydrogen entrapment at nodes or triple 
junctions and therefore decrease the effects from hydrogen diffusion. It was also 
implied that a large average grain size can provide shorter free paths for hydrogen and 
increase hydrogen diffusion range [37]. In addition, because strain is mainly 
concentrated near grain boundaries, materials with larger grain size crack more easily 
because they have fewer grain boundaries. However, the gaps between different 
regions are relatively narrow, which is indicated by Fig. 7.  Perhaps the 
understanding of cracking mechanisms operating here is less than powerfully 
persuasive. 
Generally, the HAGBs can effectively arrest cracks propagation, hence the 
cracks turn to another direction, when they propagate through the HAGBs [38]. As a 
consequence, the higher proportion of LAGBs exist in the areas close to a crack (Fig. 
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9) indicating the crack spread along the LAGBs or formed new branches. 
Dislocations are considered as reversible hydrogen traps, and they can increase 
the HIC susceptibility by trapping hydrogen atoms at their interfaces with the metal 
matrix. Hydrogen atoms can move along these traps and reach the crack tip. When 
hydrogen traps reach the crack tip, the crack propagation is facilitated [5]. SSC is 
similar to HIC. Therefore, based on the dislocation density, it is obvious that an 
inhomogeneous dislocation accumulation was observed in the specimens, and SSC is 
more prone to the areas with high KAM value containing high dislocation density 
(Fig. 10a and b). 
The Taylor factor maps (Fig. 12) indicate that the maxima for resolved critical 
shear stress on slip bands have been reached in regions in the vicinity of a crack, but 
the orientation is not optimum for deformation, since the Taylor factor is high. As a 
consequence, cracking would occur between these grains. 
As mentioned above, the atomic hydrogen prefers to pileup in the regions with 
high KAM values, while dislocation density of these positions are high, they would 
increase the hydrogen traps. Then, atomic hydrogen aggregates to generate hydrogen 
pressure and lead to crack initiation. The crack forms between the grains with high 
Taylor factors and proceeds easily along the grain boundary with a low misorientation 
angle. As a result, it can be used to assess and predict crack initiation and propagation. 
4.3 Effect of corrosion reactions on SSC 
The corrosion reactions of steel exposed to a wet H2S environment are [39]: 
Anodic reaction: Fe → Fe2+ + 2e-                                    (1) 
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Dissociation reactions: H2S → H+ + HS-                              (2) 
HS- → H+ + S2-                               (3) 
Cathodic reaction: 2H+ + 2e- → 2Hads → H2                                         (4) 
Hads →Habs → diffusion in steel                      (5) 
Where Hads and Habs are the adsorbed hydrogen atoms on the steel surface and 
adsorbed hydrogen atoms in steel, respectively. 
Atomic hydrogen diffusing into the steel (Eq. (5)) could accumulate in reversible 
(natural interstitial lattice sites) or irreversible traps (dislocations, grain boundaries, 
etc.) and recombine to form molecular hydrogen. Thus, a crack will be initiated when 
hydrogen pressure reaches a critical value [16]. Meanwhile, hydrogen atoms would 
decrease the cohesion of Fe-Fe bonds on the basis of hydrogen-induced (HID) theory 
[10, 40]. 
The iron sulfide detected in the crack is the anodic reaction product, generated by 
ferrous ions (Fe2+) and sulfur ions (S2-). Other ions (HS-, H+) are produced inevitably 
in the corrosion reactions. After crack growth, the previous accumulated hydrogen 
atoms would be redistributed, so the hydrogen content in steel is relatively reduced. 
But sufficient hydrogen can be provided by the cathodic reaction occurring in the 
vicinity of the crack. Meanwhile, the formation reaction of molecular gaseous 
hydrogen (Eq. (4)) could be retarded due to the presence of H2S or HS-. As a 
consequence, it provides a steady stream of hydrogen atoms to diffuse into steel for 
the growth of a crack branch or a new crack by corrosion reactions in the crack. The 
embrittled regions were closely associated with hydrogen content in the specimen [4]. 
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Corrosion reactions carried out along the crack and promote the formation of new 
cracks, and this cyclic process continues until the sample fails. 
5. Conclusions 
In the present work, the microstructure and precipitates of the casing steel were 
characterized. The grain size, grain boundary, KAM, and Taylor factor in the different 
areas are presented to evaluate the crack by using EBSD. The crystallographic 
features would be used to predict cracking. In addition, the effect of corrosion 
behavior on SSC is also discussed. The results are summarized as follows: 
1. Similar microstructures and M23C6 precipitates were observed in the two 
specimens whether or not they failed in the SSC test. 
2. The proportion of LAGBs in the neighborhood areas of the SSC cracking is 
substantially higher than the regions distant from the crack or in crack-free 
regions. Meanwhile, the fraction of HAGBs is opposite to LAGBs. 
3. KAM histograms demonstrate that the deformation is more concentrated in the 
areas by the side of a crack. Hence, SSC cracking is more prone to occur in 
locations with high KAM values. 
4. More grains with higher Taylor factor appeared in the areas in the proximity of 
a crack. Slip is more difficult between the grains with high Taylor factors, 
which makes these locations more susceptible to cracking. 
5. The H2S-containing solution penetrated into steel along the cracks and 
generated an iron sulfide corrosion product. Corrosion reactions occurred 
along the crack and provided a steady stream of hydrogen atoms for the 
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growth of a crack branch or a new crack, a cyclic process that continues until 
the sample fails. 
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Table 1  
Chemical composition of the experimental steel (wt.%). 
C Si    Mn P S Cr+Mo Nb+V Al N 
—21— 
0.3-0.4 0.2-0.3 0.1-0.8 0.005 0.001 1.0-2.0 0.05-0.09 0.020 0.0043 
 
Table 2  
The results of SSC testing of the two specimens. 
SSC testing 
Loaded strength, MPa Time, h Labeled 
80% YS 
119 S1 
＞720 S2 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure captions 
Fig. 1. (a) Schematic illustrations of sampling procedure and (b) test equipment for 
method A-NACE standard tensile test. 
Fig. 2. OM images of (a) S1 and (b) S2 specimens. 
Fig. 3. SEM images of (a) S1 and (b) S2 specimens, (c) and (d) high magnification of 
—22— 
(a) and (b). 
Fig. 4. BF TEM micrographs of (a) S1 and (b) S2 specimens with SAED patterns 
inset of the arrowed precipitates A and B.  
Fig. 5. SEM images of the cross-section plane of (a) S1, and (b) S2 specimens and the 
selected areas for EBSD analysis. 
Fig. 6. IPF maps of (a) Near crack, (b) Near crack branch, (c) Away crack, and (d) 
Crack-free. 
Fig. 7. The grain size distribution of (a) Near crack, (b) Near crack branch, (c) Away 
crack, and (d) Crack-free. 
Fig. 8. EBSD reconstructed grain boundary map (a) Near crack, (b) Near crack 
branch,(c) Away crack, and (d) Crack-free. 
Fig. 9. Number fraction of LAGBs, MAGBs, and HAGBs at the different regions. 
Fig.10. Kernel Average Misorientation (KAM) map of (a) Near crack, (b) Near crack 
branch, (c) Away crack, and (d) Crack-free. 
Fig. 11. KAM vs. number fraction in the different regions. 
Fig. 12. Taylor factor maps of (a) Near crack, (b) Near crack branch, (c) Away crack, 
and (d) Crack-free. 
Fig. 13. (a) SEM image of crack morphology and (b) EDX line scan analysis results 
in the vicinity of the crack. 
 
 
 
 
 
 
Highlights: 
■ A higher proportion of low-angle grain boundaries are observed in the areas near 
cracks.  
—23— 
■ High Kernel Average Misorientation values are seen in regions near cracks. 
■ More grains with higher Taylor factor appear in the areas beside cracks. 
■ Corrosion reactions occurring in the crack promote further cracks growth. 
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Fig. 1. (a) Schematic illustrations of sampling procedure and (b) test equipment for 
method A-NACE standard tensile test. 
25
Fig. 2. OM images of (a) S1, and (b) S2 specimens. 
26
Fig. 3. SEM images of (a) S1and (b) S2 specimens, (c) and (d) high magnification of 
(a) and (b). 
27
Fig. 4. BF TEM micrographs of (a) S1, and (b) S2 specimens with SAED patterns 
inset of the arrowed precipitates A and B.  
28
Fig. 5. SEM images of the cross-section plane of (a) S1, and (b) S2 specimens and the 
selected areas for EBSD analysis. 
29
Fig. 6. IPF maps of (a) Near crack, (b) Near crack branch, (c) Away crack, and (d) 
Crack-free. 
30
Fig. 7. The grain size distribution of (a) Near crack, (b) Near crack branch, (c) Away crack, and (d) 
Crack-free. 
31
Fig. 8. EBSD reconstructed grain boundary map (a) Near crack, (b) Near crack branch, 
(c) Away crack, and (d) Crack-free. 
32
Fig. 9. Number fraction of LAGBs, MAGBs, and HAGBs at the different regions. 
33
Fig. 10. Kernel Average Misorientation (KAM) map of (a) Near crack, (b) Near crack 
branch, (c) Away crack, and (d) Crack-free. 
34
Fig. 11. KAM vs. number fraction in the different regions. 
35
Fig. 12. Taylor factor maps of (a) Near crack, (b) Near crack branch, (c) Away crack, 
and (d) Crack-free. 
36
Fig. 13. (a) SEM image of crack and (b) EDX line scan analysis results in the vicinity 
of the crack. 
